A novel method for the rapid and sensitive analysis of 1-hydroxypyrene (1-OHP) in human urine has been developed that uses a resonance light scattering (RLS) technique. The assay was based on the interaction of ethyl violet (EV) with 1-hydroxypyrene to form an ion-associate complex, which resulted in the enhancement of RLS intensity and the appearance of new RLS spectra. In the presence of anionic surfactant, the maximum RLS peak of the system was located at 396 nm at pH 8.0. Under the optimum conditions, it was found that the enhanced RLS intensity was directly proportional to the concentration of 1-hydroxypyrene in the range of 4.0 -982 μg l -1 . The detection limit was 1.2 μg l -1 and the recoveries of 1-hydroxypyrene were 92.8 -102.3% (n = 6). The proposed method was successfully applied to the analysis of human urine samples. The results of 1-hydroxypyrene were in agreement with those obtained by the method of highperformance liquid chromatography.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are widespread contaminants and many of them are well-known environmental carcinogens. 1 They are produced by the incomplete combustion or pyrolysis of any organic material containing carbon and hydrogen. People may be exposed to PAHs through multiple media, including air, soil, food, water, and because of their occupation. 2 The use of 1-hydroxypyrene (1-OHP), a urinary major metabolite of pyrene, has been proposed as biomarker of occupational exposure to PAHs since pyrene is always present in PAHs mixtures and good correlations have been found between 1-OHP and both airborne pyrene and total airborne PAHs. [3] [4] [5] [6] [7] Otherwise, other studies show a statistically significant correlation between the levels of 1-OHP in human urine and those of pyrene and benzo[a]pyrene in ambient air. [8] [9] [10] Therefore, it is of great importance for the measurement of urinary 1-OHP in monitoring the air quality polluted by PAHs and assessing the risk to environmental health.
The high-performance liquid chromatographic (HPLC) method with fluorescence detection developed by Jongeneelen is a robust method and has been widely adapted for the analysis of 1-OHP in biological samples such as human urine and fish bile. 8, [11] [12] [13] [14] However, the assay is expensive and timeconsuming. 15 Therefore, it is significant to develop a more simple and sensitive method for the determination of 1-OHP.
In the past years, a promising tool concerning enhanced resonance light scattering (RLS) has attracted chemists' and biochemists' strong interest since it is highly sensitive to the characterization of the binding properties of organic dyes with nucleic acids. 16, 17 This technique has been becoming a new, simple and high sensitive technique for determining and researching biological macromolecules such as nucleic acids and proteins. [18] [19] [20] [21] [22] Up to now, however, there has been no report on the reaction of organic dyes with 1-OHP or on the determination of 1-OHP using the RLS method.
In this research, we employed this technique for the first time to study the characteristics of RLS spectrum of the interaction between 1-OHP and ethyl violet (EV) in the presence of anionic surfactant. In weakly alkaline medium, 1-OHP can react with EV to form an ion-associate complex by virtue of electrostatic and hydrophobic interaction forces. Based on this reaction, a new method of determining 1-OHP, a micromolecular organics, was developed and it was applied to the analysis of 1-OHP in 8 urine samples from cooks and boilersmiths. With a common spectrofluorometer and inexpensive reagents, trace amounts 1-OHP of human urine can be detected by this method with satisfactory results.
Experimental

Reagents
The stock solution of 1-OHP was prepared by dissolving 2.23 mg of commercially purchased products (98%, Aldrich Chemical Co., Germany) in alcohol water (1:1, v/v) and diluting to the mark with alcohol water (1:1, v/v) in a 100 ml volumetric flask. The working solution was further diluted to the concentration of 1.0 × 10 -5 mol l -1 with doubly distilled water. Ethyl violet and sodium dodecylbenzene sulfonate (SDBS) were obtained from Shanghai Chemistry Reagent Company (China). They were prepared by directly dissolving EV and SDBS in doubly distilled water, respectively. The final concentrations of EV and SDBS were 2.0 × 10 -5 and 3.0 × 10 -5 mol l -1 , respectively. Tris-HCl buffer solutions were used to control the acidity of the solution. All chemicals were of analytical reagent grade and were used without further purification. Doubly distilled water was used throughout.
Apparatus
The RLS spectra were measured with a Hitachi F-4500 fluorescence spectrofluorometer (Tokyo, Japan) with a quartz cuvette (1 × 1 cm). A UV-8500 spectrophotometer (Tianmei Co., Shanghai) was used for recording the absorption spectra. A Model PB-20 pH meter (Sartorius AG, Germany) was used for measuring the pH of the solution.
Pretreatment of urine samples
Urine samples from four cooks at snack bars and from four boilersmiths at a power plant were collected in Pyrex glass tubes. Urine specimens were pretreated using an appropriate modification of the method of Li et al. 23 After mixing completely, a 10 ml aliquot of the urine sample was hydrolyzed by adding 2 ml of 50% sodium hydroxide, and heated for 3.5 h in a boiling water bath away from light. After heating, the hydrolyzed sample was adjusted to pH 2 -3 with concentrated HCl solution, then filtered using a 125 ml separatory funnel. Filtrate was extracted twice by using 6 ml of diethyl ether each time, and the organic phase was evaporated to dryness at 30˚C under a gentle flow of nitrogen gas. The residue was redissolved in 0.2 ml of alcohol water (1:1, v/v) and analyzed directly by use of the developed method.
To extract 1-OHP in hydrolyzed samples, we tested 6 organic solvents: dichloromethane, chloroform, benzene, n-hexane, diethyl ether and petroleum ether. Taking extraction efficiency, foreign substance interference, solvent concentration and blank value into account, the effectiveness was optimal for diethyl ether. The result is the same as reported. 15 
Procedure
To a 5 ml volumetric flask, an appropriate amount of 1-OHP working solution, or its sample solution, 0.6 ml of Tris-HCl buffer solution (pH 8.0), 0.75 ml of EV solution and 0.3 ml of SDBS solution were added each in turn. Then the mixture was diluted to the 5-ml mark with doubly distilled water and mixed thoroughly. After 15 min, the RLS spectra were obtained with the excitation and emission monochromator of the spectrofluorometer scanned synchronously (Δλ = 0 nm) through the wavelength range 230 -480 nm. All data were obtained with 10.0 nm excitation and emission slit-widths. The RLS intensity was routinely measured at the maximum wavelength, 396.0 nm. The enhanced RLS intensity of 1-OHP-EV-SDBS system was represented as ΔIRLS = IRLS -I0 (IRLS and I0 were the RLS intensities of the system with and without 1-OHP, respectively).
Results and Discussion
Features of RLS spectra
The RLS spectra of EV, 1-OHP and their complexes are shown in Fig. 1 . It can be seen from Fig. 1 that: (1) under experimental conditions, the RLS signals of EV and EV-SDBS are very weak in the whole wavelength range; (2) 1-OHP itself has a weak RLS peak at the wavelength 385 nm; (3) when 1-OHP reacts with EV to form an ion-association complex, the RLS signal is greatly increased and a new RLS spectrum appeared. Obviously, the maximum RLS peak is located at 396 nm. The addition of anionic surfactant such as SDBS may raise the sensitivity and the stability. At 396 nm, the enhanced RLS intensity is proportional to the concentration of 1-OHP, which suggests that a new assay of 1-OHP should be established.
The major reasons for enhancement of RLS signals may be as follows.
(1) Figure 2 shows the comparison between RLS spectra and absorption spectra; one can see that the RLS spectra of complexes are located in the absorption band, and that the RLS peaks (257, 291, 319, 375 and 396 nm) are close at their absorption peaks (241, 285, 310, 352 and 391nm). In this case, a resonance scattering effect containing the scatteringabsorption-rescattering process is produced. According to theory of Miller 24 and Anglister and Steinberg, 25 the enhanced light-scattering of 1-OHP-EV-SDBS system can be judged as resonance light scattering. The effect can lead to the RLS signals becoming markedly enhanced. (2) Enlargement of the molecular volume of 1-OHP-EV-SDBS complex can lead to the RLS enhancement. According to the following formula of RLS,
when other factors are fixed, IRLS is directly proportional to the square of molecular volume (i.e. V 2 ). With the increase of molecular volume, the RLS intensity of the system is enhanced greatly. (3) Under the experimental conditions, EV exists mainly as EV + cationic monomer, while 1-OHP has anionic hydroxyl groups, and both of them can react with each other to form an ion-association complex by virtue of electrostatic interaction. Thereafter, owing to neutralization of their charges, the hydrophobicity greatly increases, through the ion-association complexes can self-aggregate to nanoparticle species. When the diameters of the nanoparticle congeries are very small, they are ; the other conditions are the same as those in Fig. 1. homogeneously dispersed in the solution, and can give rise to an interface between it and water. The formation of an interface is also advantageous to the enhancement of RLS. 27, 28 Effect of pH Four buffer solutions, including Tris-HCl, NH3-NH4Cl, Britton-Robinson (BR) and phosphate buffer solution, were used to adjust the pH of the solutions. The results showed that the RLS intensity values of the systems in Tris-HCl buffer solution were the highest. Herein Tris-HCl buffer solution was selected to control the pH of the solutions.
When the Tris-HCl buffer solution was used, the effect of the pH value on the RLS intensity was tested, and the results were shown in Fig. 3 . It can be seen from Fig. 3 that the optimum acidity range is pH 7.0 -9.0. Using a spectrophotometric method, 29 we obtained the pKa value of 7.44 for 1-OHP. In acidic condition, 1-OHP exists mostly as neutral molecules and the electrostatic attraction between it and EV is weak, which results in fewer ion-association complexes; on the other hand, with the pH value drop, EV can gradually interact with SDBS, which results in obvious increases of the blank value. 30 When the pH is above 7.0, the RLS intensity of the 1-OHP-EV complex distinctly enhances and gradually becomes constant. However, after the pH value exceeds 9.0, EV cations can partly transform into neutral molecules due to the deprotonation, being unable to associate with 1-OHP anions. This will induce a great decrease in IRLS intensity. Therefore, pH 8.0 of the Tris-HCl buffer solution was chosen for the assay.
Effect of EV concentration
The effect of EV concentration on the RLS intensity was studied.
The results indicated that the optimum EV concentration is between the range of 2.0 × 10 -6 -4.0 × 10 -6 mol l -1 , so 3.0 × 10 -6 mol l -1 EV was employed for further study. When the concentration of EV lower than 2.0 × 10 -6 mol l -1 , due to the incompletion of the interaction of EV cation with 1-OHP, the relative intensity of RLS is weak. However, when the EV concentration is higher than the optimum concentration, the RLS intensity of reagent blank will increase obviously because of the interaction between EV and SDBS, which will also induce the decrease of the relative RLS intensity.
Effect of surfactant
The reaction between EV and 1-OHP occurs rapidly at room temperature, but the sensitivity is not too high and the RLS signal may weaken gradually with the time elapsing. So, surfactants were considered for increasing the stability and sensitivity of the systems. Four surfactants: polyvinyl alcohol (PVA), Triton X-100, Tween-20 and SDBS, were selected for this role. The results shown in Table 1 reveal that Triton X-100 can enhance the RLS signal of 1-OHP itself and can prevent the formation of ion-associate complex from EV and 1-OHP because effective energy transfer could occur between Triton X-100 and 1-OHP, which is identical with our unpublished research; PVA and Tween-20 have little effect on the RLS intensity; SDBS can produce a obviously enhanced RLS intensity value. After adding SDBS, the sensitivity of this system was increased nearly double and the reaction of EV with 1-OHP was completed within 10 min and the RLS intensity remained constant for 1 h.
After other conditions were fixed, the effect of SDBS concentration on the intensity of RLS was carried out. From Fig. 4 one can observe that the optimum volume of SDBS (3.0 × 10 -5 mol l -1 ) is the range 0.2 to 0.5 ml. On this occasion, it offers a maximum ΔIRLS and a relative low blank value. When the added SDBS exceeds 0.5 ml, the relative RLS intensity decreases with the addition of SDBS. This can be explained by the fact that anionic surfactant in large excess will block the ion associate from the interfacial region and SDBS can react with EV to form an ion-associate complex, which leads to the rise of the blank value. 30 Therefore, 0.3 ml SDBS was recommended for use in this experiment. The interaction mechanism may be: under the experimental conditions, EV exists mainly as EV + cation and 1-OHP is dissociated into H + and 1-OP -anion, which can easily form the complex with EV + through electrostatic attractions, hydrophobic interaction forces or forming a charge transfer structure. 31 
Effect of temperature
After we prepared the solution according to the empirical method and controlled the temperature of solution from 5 to 45˚C, the RLS intensity values were detected one time every 5˚C. The experimental results indicated that the RLS intensity remained stable within 25˚C. As temperature rises, especially over 30˚C, molecular thermal motion increases, and the ion- associate complex may be dissociated, which will result in the decrease of the RLS intensity.
Effect of ionic strength
The effect of ionic strength on the RLS intensity is also described in Fig. 5 . It can be observed that the RLS intensity stayed constant with increasing NaCl concentration up to 0.1 mol l -1 . After that, the RLS intensity decreased gradually. As a massive amount of inorganic salt can weaken the electrostatic interaction between EV and 1-OHP, the formation of the ionassociate complex of 1-OHP-EV will be obstructed. So in this study, the concentration of NaCl should be controlled under 0.1 mol l -1 .
Tolerance of foreign substances
The influence of various ions, sugars and organics on the RLS assay for 1-OHP were investigated at pH 8.0. As an example, the selectivity of this assay was investigated by detecting 1.0 × 10 -6 mol l -1 1-OHP solution, in which a series of other ions had been added. All found values are shown in Table 2 . One can observe that common metal cations, inorganic anions and lots of organics may be tolerated at high concentrations. However, DNA and some proteins such as human serum albumin (HSA) have lower tolerable amounts because they are macromolecules and can react with EV or SDBS to form other ion-associate complexes. 32, 33 Generally, their amounts are very low in urine and can be removed by urinary pyrohydrolysis. Therefore, the proposed method has good selectivity.
Sensitivity and reproducibility
Using a fluorescence spectrofluorometer, we found that the calibration curve was linear over the concentration range of 4.0 -982 μg l -1 . The equation of linear regression is ΔIRLS = 105.8 + 1551.2C (×10 -6 mol l -1 ), with the correlation coefficient R = 0.9994. The detection limit (defined as 3S0/S) was 1.2 μg l -1 , where 3 is the factor at the 99% confidence level, S0 is the standard deviation of the blank measurements (n = 11), and S is the calibration sensitivity. The between-batch coefficient of variation for 7 replicate analyses of 100 and 400 μg l -1 1-OHP was 5.3 and 4.5%, respectively.
Application to urine samples
The proposed method was applied to the determination of 1-OHP in 8 urine samples from cooks and boilersmiths. A recovery test of 1-OHP was carried out by adding a known amount of 1-OHP to the urine samples. At the same time, a comparison of the results for the RLS method with the HPLC method was taken. All the determination results are listed in Table 3 , showing that the proposed method is accurate, reliable and reproducible, the content of 1-OHP in two group human urine samples is different, and results of both RLS method and HPLC method are on the whole identical. The present study has verified that RLS technique is also powerful for the determination of small molecular organics. Therefore, the high sensitive RLS technique can be further developed and widened to allow application in more extensive scopes and domains. 
